Introduction
The direct and indirect effects of heart failure are identified as leading to acute kidney injury and dysfunction. 1 Cardiorenal syndrome Type 1 is characterized by acute kidney injury and dysfunction in the patient with acute deterioration of the cardiac function. The degree of renal function impairment relates to increased short-and long-term mortality. 2 It has been linked to cardiac and renal fibrosis. Acute and chronic damage induce expression of cell signaling proteins from immune cells and inflammatory cell infiltrates, activation of fibroblasts and myofibroblasts, deposition of Type I, III collagen, and the activation of the final common pathway into the extracellular matrix, leading to irreversible cardiac and renal fibrosis. 3 Recently, the endothelial-myofibroblast transition or endothelial-mesenchymal transition (EndMT) has been proved to promote fibrosis. 4 Similar to the endothelial-myofibroblast transition, during EndMT, endothelial cells lose their characteristics and obtain the specialty of mesenchymal cells, which possess high migration and invasive properties and also have an elongated spindle shape. The EndMT progress can be demonstrated by specific biochemical changes, including decreased expression of endothelial makers, mainly cluster of differentiation (CD31), vascular endothelial-cadherin, von Willibrand factor, and increased expression of mesenchymal markers such as α-smooth muscle actin (α-SMA), vimentin, and fibroblastspecific protein 1. 4 The EndMT program has been suggested to contribute to the development and progression of pulmonary fibrosis, hepatic fibrosis, corneal fibrosis, intestinal fibrosis and wound healing, and cardiac fibrosis, in addition to renal fibrosis. 5, 6 Transforming growth factor β (TGF-β) is the most important mediator; it increases the synthesis of matrix proteins and decreases the production of matrix metalloproteinase in the renal fibrosis process. 7 Other studies have shown that the EndMT is activated mainly by TGF-β. 4, 8, 9 Activation of the renin-angiotensin-aldosterone system has been identified as a risk factor for the development of fibrosis. Studies have demonstrated the importance of aldosterone in oxidative, inflammatory and fibrotic processes in kidney diseases. 10 Spironolactone is the most commonly used aldosterone receptor antagonist. As treatment for congestive heart failure, liver cirrhosis, and hypertension, the drug blocks aldosterone by competitively inhibiting the binding of aldosterone to the mineralocorticoid receptor. 11 Recent clinical studies show that spironolactone reduced the combined end point of death or hospitalization for heart failure in non-African-Americans but had no effect on mortality, death, or hospitalization in African-Americans. 12 Spironolactone was found to be safe in patients with early stages of chronic kidney disease, with a strict monitoring of renal function and electrolytes over the first month of treatment. 13 From these observations, we aimed to investigate whether spironolactone affects renal function in isoprenaline (Iso)induced heart failure in rats, affects EndMT and the expression of TGF-β, as well as study the relation between these changes and renal fibrosis.
Methods

animals and treatments
A total of 50 male Sprague-Dawley rats (200-220 g; ~6 weeks old), supplied by Wenzhou Medical University Laboratory Animal Center (Wenzhou City, Zhejiang Province, People's Republic of China), were housed and maintained under standard conditions. The study was approved by the institutional research ethics committee of Wenzhou Medical University. All animal-handling procedures were performed according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and followed the guidelines of the Animal Welfare Act. Rats were separated into four groups (n=10 per group): 1) control, 2) heart failure model (Iso treatment), 3) low-dose spironolactone (30 mg/kg/d), and 4) high-dose spironolactone (60 mg/kg/d). Subcutaneous injection of Iso (5 mg/kg, Sigma-Aldrich, St Louis, MO, USA, 7 days) induced heart failure, while the control group was injected with normal saline. In the therapeutic groups, Iso administration was the same as in the Iso-model group, and spironolactone at different concentrations was gavaged at the same time as Iso injection and lasted for 7 days, then was continued for another 14 days. The same volume of saline was gavaged for controls.
cardiac functional measurements
Rats were weighed and an appropriate dose of anesthesia was administered by intraperitoneal injection with 1% sodium pentobarbital (40 mg/kg), and then the left ventricle was catheterized to monitor the changes in left ventricle end diastolic pressure (LVEDP), LV mean systolic pressure (LVSP), and the maximum rate of change in LV pressure (+dp/dt max , -dp/ dt max ) through the right common carotid artery.
Organ weight index
The rats were injected with chilled brine (4°C) into the left ventricle of the heart and kidneys until etiolating. Heart and kidneys were quickly removed, rinsed, and weighed. The heart was then divided into left and right ventricles and weighed. The LV weight indices (LVWI) and RV weight indices (RVWI) were calculated as the LV and RV free wall mass (mg)/by body mass (g), respectively. The renal weight indices (KWI) were calculated as the mean value of mass (mg)/by body mass (g) of two kidneys.
hematoxylin and eosin
Cardiac apex samples of the ventricle and renal tissue samples were embedded in paraffin and cut into slices. Paraffin sections (4 μm thick) were stained with hematoxylin and eosin. Sections were analyzed by light microscopy and photographed at ×200 magnification.
Masson trichrome staining
The sections were stained with Masson trichrome staining and photographed at ×40 and ×200 magnifications. Fibrous tissue was stained in blue, cytoplasm in red, and cell nucleus in black. The sections were examined using light microscopy, and photographs were taken at ×200 magnification. Five nonrepeating visual fields were randomly selected, myocardial and renal collagen areas were measured using Image-Pro Plus (Media Cybernetics, Rockville, MD, USA), and the collagen content in all areas was averaged.
Enzyme-linked immunosorbent assay
Pieces of the LV myocardium tissue and kidney tissue (100 mg) were cut into pieces and milled on ice with 1 mL 
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Spirolactone provides protection from renal fibrosis phosphate-buffered saline (pH 7.4). The mixture was centrifuged at 3,000 rpm for 20 minutes and the supernatant was separated to measure collagen I and III by using an ELISA kit (Shanghai Boyun Biotech, Shanghai, People's Republic of China).
Immunofluorescence assay
Dual immunofluorescence staining of CD31 and α-SMA was performed. Sections of kidney tissue were treated with 3% methanol-H 2 O 2 to blocked endogenous peroxidase activity, and the nonspecific sites were treated with 10% fetal bovine serum. Sections were then incubated with primary mixed anti-CD31 (Santa Cruz Biotechnology, Dallas, TX, USA, 1:30) and anti-SMA (Wuhanboshide, People's Republic of China, 1:100) antibodies. The secondary antibodies of DyLight 594 AffiniPure goat anti-rabbit IgG (H+L) and DyLight 488 AffiniPure goat anti-mouse IgG (H+L) (EarthOX, Millbrae, CA, USA, 1:300) were also added as a mixture. After washing, 4′,6′-diamidino-2-phenylindole hydrochloride (DAPI) staining solution was added and washed. Photographs were taken at 200× magnification. The results were analyzed by fluorescence microscopy (Nikon Corp., Tokyo, Japan) and processed with Image-Pro Plus (Media Cybernetics). Negative control sections were incubated only with phosphatebuffered saline and showed no positive staining.
Western blot analysis
A piece of kidney tissue (100 mg) was homogenized in 1 mL radio immunoprecipitation assay lysis buffer and 10 μL phenylmethanesulfonyl fluoride (100 mmol/L). After centrifugation at 12,000× g for 10 minutes at 4°C, the supernatant was collected. The total protein concentrations were determined by using a bicinchoninic acid protein assay kit. Protein samples (50 μg) were run on sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. After blocking with 5% skim milk for 1 hour, membranes were incubated with primary antibodies (anti-CD31, Santa Cruz Biotechnology, 1:1,000; anti-α-SMA, Wuhanboshide, 1:1,000; anti-TGF-β1, Bioworld Technology, Nanjing, People's Republic of China, 1:1,000) overnight at 4°C. Immunoreactive bands were detected by the use of chemiluminescent horseradish peroxidase substrate, and scans were obtained using the Bio-Rad gel image analysis system (Bio-Rad Laboratories Inc., Hercules, CA, USA) and processed with Image-Pro Plus (Media Cybernetics, Inc.).
statistical analysis
Data are expressed as mean ± standard error of mean. All statistical analyses involved use of SPSS v16.0 (SPSS Inc., Chicago, IL, USA) with one-way analysis of variance and Student's t-test. P-values ,0.05 were considered statistically significant.
Results
effect of spironolactone on cardiac function in rats
Rats were subcutaneously injected with Iso to induce heart failure. Iso significantly decreased LVSP, heart rate, +dp/dt max , and -dp/dt max and increased LVEDP when compared with controls (P,0.01). Spironolactone attenuated ventricular function, increased LVSP, heart rate, +dp/dt max , and -dp/ dt max , and decreased LVEDP compared with Iso treatment (P,0.05; Table 1 ). effect of spironolactone on organ weight index (lVWi, rVWi, and KWi) in rats LVWI, RVWI, and KWI were significantly higher with Iso than control treatment (P,0.01); treatment with spironolactone decreased LVWI, RVWI, and KWI as compared with Iso treatment (P,0.05; Table 2 ).
Histopathological observations of heart and kidney in rats
Heart tissues from Iso-treated rats showed collagen fiber hyperplasia, disordered myocardial structure, and leukocyte infiltration when compared with controls ( Figure 1 ). Treatment with spironolactone ameliorated the Iso-induced myocardial fibrosis. Iso also induced fibrous tissue proliferation and 
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Zhou et al leukocyte infiltration in renal interstitial tissue. Treatment with spironolactone alleviated these changes (Figure 1 ).
effect of spironolactone on collagen area in heart and kidney
Stained sections of myocardia and kidney in Iso-treated rats showed more blue collagen fibers as compared with controls (P,0.01; Figure 2 ). Treatment with spironolactone decreased fibrous tissue proliferation as compared with Iso treatment (P,0.01).
effect of spironolactone on Type i and iii collagen content in heart and kidney
Content of Type I and III collagen in cardiac and kidney tissue homogenate was higher with Iso treatment than control treatment (P,0.01; Table 3 ). Treatment with spironolactone significantly decreased the collagen content as compared with Iso treatment (P,0.01).
effect of spironolactone on expression of cD31 and α-sMa
Immunofluorescence staining and Western blot analyses revealed that Iso decreased CD31 protein level and increased α-SMA level as compared with the control (P,0.01) but spironolactone reversed these changes as compared with Iso treatment (P,0.05; Figure 3A -D).
effect of spironolactone on expression of TgF-β1 protein
The expression of endogenous TGF-β1 is greater with Iso than with control treatment (P,0.01). Treatment with spironolactone reduced the level of TGF-β1 as compared with Iso treatment (P,0.01; Figure 3E ).
Discussion
In this study, Iso-treated rats showed worse heart function, impaired renal structure, and higher levels of renal collagen deposition (ie, fibrosis) and TGF-β, indicating EndMT, than control rats. Spironolactone treatment significantly improved cardiac function and reversed renal fibrosis and TGF-β level, thereby suppressing the EndMT. Myocardial infarction (MI) is often associated with renal dysfunction, 14 which indicates the "cardiorenal syndrome Type 1". Renal dysfunction acts as an independent risk factor for adverse cardiovascular events and death in patients after MI. During MI admission, even mild renal dysfunction may be transient and can independently affect long-term (10 years) survival. 15 Venous congestion, anemia, sympathetic nervous system dysfunction, disruption of the hypothalamic-pituitary axis, activation of the reninangiotensin-aldosterone system, and a marked alteration of immune and somatic cell signaling have an influence on the pathogenesis of renal injury beyond the classic 
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Spirolactone provides protection from renal fibrosis hemodynamic mechanisms. Therefore, the complexity of this syndrome poses huge challenges on diagnostic and treatment approaches. In our study, rats in the Iso-treated group showed worse heart function, higher weight index (LVWI and RVWI), and increased collagen fiber hyperplasia and Type I/III collagen as compared with controls, for damaged cardiac function. Rats also showed higher KWI and increased renal fibrosis and Type I/III collagen as compared with controls, which suggested renal injury.
Neurohormonal activation may play a key role in renal fibrosis. After acute MI, neurohormonal activation occurs rapidly, which is likely or at least in part related to hemodynamic derangements. This activation is commonly sustained in patients with overt heart failure. 16 In terms of subsequent fibrosis, neurohormonal activation is closely related to the TGF-β system. TGF-β can be activated by angiotensin II both in heart 17 and kidney. 18 TGF-β-mediated fibrosis has been reported to be associated with sympathetic and endothelin systems. 19, 20 Finally, blocking these systems not only retards the progression of chronic kidney disease but also inhibits renal inflammation, TGF-β expression, and fibrosis. 21, 22 These researches show that aldosterone induces renal injury through inflammation, oxidative stress, fibrosis, and hemodynamic alterations. 9 Spironolactone is a highaffinity, but nonspecific, mineralocorticoid receptor antagonist that, with structural similarity to progesterone, binds to progesterone, androgen, and glucocorticoid receptors, but with reduced affinity. 23 The kidney and renal vasculature are potential targets of aldosterone-mediated pathology. Activation of the mineralocorticoid receptor has also been implicated in cardiac hypertrophy observed in uremic rats, and spironolactone has been shown to attenuate cardiac hypertrophy and prevent oxidative stress in this model. 24 In this study, the administration of spironolactone alleviated Iso-induced changes. The effect is even greater with high-dose spironolactone (60 mg/kg/d over 30 mg/kg/d), and so the antifibrosis effect of spironolactone may be dose related.
The mechanisms of how renal dysfunction occur following heart failure are poorly understood. Kidney diseases, regardless of the nature of the initial injury, ultimately cause renal interstitial fibrosis and lead to disturbed renal function. 25 Several growth factors and cytokines participate in the inflammatory process; in particular, TGF-β appears to play a chief role in renal fibrosis. 26 The expression of several proinflammatory molecules that may contribute to the pathogenesis of cardiac remodeling is modulated by aldosterone, 
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Spirolactone provides protection from renal fibrosis in association with NaCl: aldosterone increases levels of monocyte chemoattractant protein 1, TGF-β1, collagen, and metalloproteases through mineralocorticoid-receptordependent mechanisms. 27 The hallmark of renal fibrosis is the activation and accumulation of fibroblasts or myofibroblasts and the deposition of abundant extracellular matrix. Renal myofibroblasts appear de novo in renal fibrosis, and they most likely represent a stressed and dedifferentiated phenotype of fibroblasts. 28 There is a significant heterogeneity among fibroblasts. 29 These activated fibroblasts or myofibroblasts are derived from residential quiescent tissue fibroblasts, vascular pericytes, epithelial-mesenchymal transition, and bone marrow (circulating fibrocytes). 30 Recently, increasing evidence has suggested that endothelial cells may undergo EndMT or endothelial-myofibroblast transition, which has also been suggested to promote fibrosis and is now recognized as a novel mechanism for the generation of myofibroblasts. 4 EndMT was first discovered in heart development 31 and was confirmed to be crucially important in forming the valves and septa of the heart during embryogenesis. 32, 33 In the adult organism, pathological conditions such as injury, inflammation, or aging can reactivate the EndMT and induce fibrosis of involved organs. 4, 5 Zeisberg et al 7 first confirmed the contribution of EndMT to renal fibrosis. The authors found that a considerable proportion of myofibroblasts coexpress the endothelium marker CD31, also known as platelet endothelial cell adhesion molecule-1, and the (myo) fibroblast markers α-SMA and fibroblast-specific protein-1 in all three models. Li et al 8 also confirmed that EndMT occurs and contributes to the generation of myofibroblasts in early diabetic renal fibrosis. TGF-β is the key factor in regulating the EndMT, which increases the production of extracellular matrices and promotes the fibrosis of cardiac and renal tissues. 35, 36 In our study, the expression of CD31 was decreased, and that of Type I/III collagen and α-SMA were increased in Iso-treated rats as compared with controls, which suggests subdued endothelial property and enhanced fibroblasts characteristic, thereby suggesting EndMT in Iso-induced renal fibrosis. Meanwhile, the level of TGF-β, the key factor regulating EndMT, was increased in Iso-treated rats. Treatment with spironolactone attenuated these effects, and so spironolactone may improve renal fibrosis by inhibiting EndMT. TGF-β may play a role as the key factor. There is also a study which showed that spironolactone could reduce fibrosis, and this improvement of renal function is possibly due to a dual inhibitory effect on the renin-angiotensin system, and suppression of TGF-β. 34 Previous research showed that the protective effects of spironolactone are mediated to a large extent by its ability to reverse differentiation and inhibit the subsequent ability of mesenchymal cells to synthesize collagen, regardless of their origin. 28 Spironolactone is considered to play a crucial role in inhibiting the pathogenesis of tissue fibrosis, and it also efficiently stimulates the expression of many genes through the EndMT and helps in avoiding the generation into myofibroblasts. 35 
Conclusion
Our results showed that spironolactone prevents Iso-induced renal fibrosis by inhibiting the renal EndMT.
Study limitations
First, our in vitro study examined only the expression of CD31 and α-SMA, which do not adequately represent the EndMT. The increased CD31 and decreased α-SMA can only indicate that spironolactone can inhibit the fibrosis while improving the endothelial expression. Unfortunately, we cannot determine the EndMT definitely from this data. However, these problems could be solved if we consider more specific markers in the fibrotic renal system in future. Second, further research should be done to confirm the role of spironolactone on the intervention of renal interstitial fibrosis and investigate the inhibition of renal EndMT, so that it can be used for the treatment of renal fibrosis, thereby providing a new class of drugs with a novel mechanism.
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